Abstract: A deeply etched pit reflector is presented in this paper. The pit is not depth sensitive and has a comparable reflection and loss to a slot. Moreover, a two-section 750 μm laser cavity based on the pits is demonstrated. The laser achieved a side-mode suppression ratio of 40 dB, a linewidth of 280 KHz, and tuning across 40 nm.
Introduction
Regrowth-free semiconductor single mode lasers that employ standard ultraviolet lithography for patterning have drawn considerable interest due to their potential to lower the overall cost of photonics components. They offer a much simpler fabrication approach than distributed feedback (DFB) and distributed Bragg reflector (DBR) lasers by eliminating the need of high resolution lithography and epitaxial regrowth, which is costly and time consuming.
An example of such lasers, that are also suitable for integration and advanced modulation formats are the slotted Fabry Perot (SFP) lasers [1] - [3] . Slots introduce index perturbation along the ridge, which leads to small reflections. The reflections create sub-cavities, that result in mode selectivity based on the coupled resonance of various cavities [4] - [6] . SFP lasers exhibit high side mode suppression ratio (SMSR), wide tuning range and narrow linewidth [7] - [9] . They also have been employed in single facet and facet-less laser configurations that allows monolithic integration of the laser with other devices such as modulators and photodiodes [10] - [12] .
A limitation of the slot is that the reflection, loss, and transmission of the slot are exponentially dependent on the slot depth, whereas slot width has little effect [5] , [13] . Achieving the same slot depth at each fabrication run, or in certain cases across the same chip is not always attainable using plasma etching. Moreover, due to the high sensitivity to depth, inconsistency in a laser's performance can occur across a wafer. To demonstrate the sensitivity of the slot etch depth, a simulation module consisting of a cavity with single slot was developed using ModePROP from Rsoft. The aforementioned software employs the Eigen mode expansion method, (EEM) an omnidirectional technique that take all reflections into account [14] - [16] . The simulation plots are shown in Fig. 1 .
The plot in Fig. 1 displays reflection and loss as a function of a slot depth with a ridge height of 1.8 μm. Fig. 1(a) shows the rapid increase of the reflection with varying slot depth, where a slight depth difference as small as 50-100 nm can have a significant effect on the reflection. Fig. 1(b) shows the loss curve as a function of the etch depth. The loss power is much higher than the reflected power due to scattering losses introduced by the slot, which agrees well with both analytical model presented in [13] and experimental data [6] .
However, this issue can be addressed by adding an etch stop layer just above the active region and using wet etch in combination with the dry etch [17] , [18] . Although, this method will ensure a consistent depth across the chip with various fabrication runs, it will add complexity to the fabrication process, and restrict the cavity designs on the chip due to the influence of crystal orientation on chemical etching of InP [19] - [23] . The wet etch effects can be seen in Fig. 2 SEM images. Fig. 2(a) show how the etch outcome can be different for two ridges with various orientations, and Fig. 2(b) shows another situation where the chemical etchant creates a non-uniform layer etch pattern.
In this paper, we demonstrate a pit reflector in a form of a hole in the waveguide that operates similarly to the slot. However, the pit is not depth sensitive because it is deeply etched through the active region. By eliminating the need to the wet etch, the chip can accommodate devices with different orientations and the device yield is also expected to increase. In addition, due to its intrinsic design the pit is compatible with high index contrast ridge waveguides structures [24] , [25] . Moreover, the process does not require the use of Focused Ion beam etching (FIBE) to create the pits, or a complicated setup as previously reported in [26] . In the next section the fabrication process of the pit will be presented along with the pit characterization and comparison with the slots. In the last section, a 2-section laser that uses 4 pits as a reflector, will be presented to demonstrate that the pits can be efficiently used as a single mode selector. This 750 μm long laser exhibits a 40 dB SMSR with a linewidth of 280 kHz and tuning range across 40 nm.
Fabrication and Characterization
The deeply etched pit is fabricated using a self-aligned process. The ridge and the pit are defined in the same lithography layer; an SEM image of the pit, is shown in Fig. 3 . Fig. 3 shows a post-fabrication SEM of the 1 μm wide and 1.5 μm long pit with ridge oxide opening and deposited metal. the rectangle shape surrounding the pit, and the ridge is the deep etch region which is defined in another lithography layer. The epitaxial wafer used in the fabrication is commercially available IQE material. It comprises 5 × 6 nm AlInGaAs strained quantum wells sandwiched between 6 × 10 nm barriers, the total thickness of the active region is 400 nm. A 20 nm GaInAsP etch stop layer is grown on top of the active region and under a 1580 nm InP layer. The metal contact layers consist of 50 nm GaInAsP and 200 nm highly doped GaInAs. The deposited p-metal was 20:350 nm Ti: Au and the n-metal was 20:250 nm Ti: Au. The fabrication process consisted of 4 lithography layers; one layer is used to define the ridge and the pit, and the other three layers are utilized for the deep etch region, oxide opening, and metal lift-off, respectively. The process comprises of two etch depths, shallow for the ridge and deep for the pit reflector. The two depth are illustrated in Fig. 4 The shallow ridge height is 1.77 μm, and the deep region is 2.7 μm; both shallow and deep ridges have a width of 3 μm. Fig. 5 shows a cross-section SEM image of the pit obtained by using FIBE, to ensure that the pit has a fixed width with the ridge height. After the semiconductor etch, the pit is filled with 400 nm silicon oxide that is used as a passivation layer.
To assess the performance of the pit reflector in comparison with a slot, two 1.1 mm long Fabry Perot cavities were fabricated, one cavity having a slot and another with a pit. Both reflectors were placed 200 μm from the first cleaved facet and 900 μm from the second cleaved facet. The Light-Intensity (L-I) curve of both structures is shown in Fig. 6 The light was coupled using a lensed fiber while sweeping the current from 0 mA to 100 mA. The pit (red line) and slot (blue line). both lase at around 31 mA with almost identical slope efficiency. The spectrum taken at the lasing threshold for both cavities can be seen in Fig. 7 .
The localized reflections from the slot and pit cause a periodic modulation of the optical spectra. The modulation effect on the gain envelope can be clearly seen in Fig. 7 . Both structures have a comparable spectral behavior, and modulation depth, which suggests that the reflection of both structures is also comparable. In order to confirm that the reflections were caused by the pits and not by the rectangle deep/shallow waveguide transitions, lasers were made without pits, but with identical rectangle deep/shallow transitions, and no measurable reflections or periodic modulation were seen using the spectral analysis. 
Results and Discussion
A two section laser cavity that comprises four pits was fabricated to demonstrate that the deeply Pit etched reflectors works well as a single mode laser. The cavity design is shown in Fig. 8 . Fig. 8 show the two section laser with a total length of 750 μm and 4 pits with a spacing of 70 μm. A 7 degrees angled slot is used to provide electrical isolation between the two sections. The mirror section is 350 μm long and consists of four pits, and the gain section is 400 μm long.
The microscope image in Fig. 9 shows the device under test (DUT). Two probes were used to inject current into the individual sections. The optical feedback is provided from the Air/semiconductor interface from the two uncoated cleaved facets. Therefore a lensed fiber was employed to collect the light from the right facet as shown in Fig. 9 . The laser was mounted on a temperature controlled brass chuck to ensure thermal stability of the DUT with varying current injection, the temperature of the chuck was fixed at 20 degrees Celsius. Fig. 10 shows the laser L-I curve obtained by biasing the gain section at 10 mA and sweeping the mirror section from 0 mA to 100 mA. Introducing four pits into the cavity increased the lasing threshold by few milliamps in comparison with a device with no pits. Using a fast Fourier transform (FFT) algorithm it was possible to extract the resonating sub-cavities in the laser caused from the pits. Fig. 11(a) shows the various resonances between the facets and pits, as well as the resonance between pits. The labels L1 to L4 represents the interaction of the left facets with the various pits and R1 to R4 corresponds the interaction of the pits with the right facet. In addition, the full cavity and inner pits spacing S is shown. Fig. 11(b) shows the full FFT spectrum that shows a peak at 750 μm which corresponds to the spacing between the 2 facets. Fig. 11(c) is a close up figure of the FFT spectrum in the region where the pits interact with each facet as well as with each other. The labels in Fig. 11(c) correspond to the physical length of the sub-cavities shown in Fig. 11(a) , clearly showing reflection from each of the individual pits leading to mode selectivity. The spectrum of the pit laser is shown in Fig. 12(a) with an SMSR of approximately 40 dB and output power >2 mW. Fig. 12(b) shows the 280 kHz laser linewidth, which is the full width at half maximum (FWHM) of the measured spectrum. the linewidth measured was obtained using a delayed self-heterodyne linewidth setup with 50 km fiber delay line in a recirculating loop configuration that has a resolution of <2 KHz [27] .
The laser is tunable across 40 nm with an SMSR ranging from 30 dB to 40 dB that extend from 1540 nm to 1590 nm with a step of approximately 5 nm that correspond to the free spectral range (FSR) of 70 μm cavity that matches the spacing between the pits. Typically, the spacing between the reflectors dominate the tuning of such lasers [11] . The FSR of the mirrors dominate the mode hops of the laser cavity, as can be clearly seen in Fig. 13 Fig . 13 shows a sample of the tuning of the laser with 4 wavelength with a step of λ which is ≈ 5 nm corresponding to the pit mirrors FSR. In this example, by increasing the total injected current from 80 mA to 150 mA the laser is tuned while maintaining an SMSR between 30 and 40 dB across all wavelengths. The full tuning map for the pit laser with the corresponding mirror and gain current is shown in Fig. 14 The color map in Fig. 14(a) shows the wavelength region in function of the varying current in the mirror section and the gain section, whereas Fig. 14(b) shows SMSR value in function of the gain and the mirror section. The red areas show the region where the SMSR is >30 dB, and the blue region is where the laser is mostly multimode. As shown in Fig. 14 , the laser can achieve an SMSR between 30 dB and 40 dB for wavelengths extending over more than 40 nm tuning range.
Conclusion
This paper reports a single mode laser based on a deeply etched pit reflector that does not require chemical wet etching. A comparison between an etched slot and the pit showed a similar power and spectral behavior derived from the L-I curve and optical spectrum of two cavities comprising the slot and pit. Moreover, a 750 μm two section laser was fabricated to demonstrated the efficiency of the pits as a single mode selector. The laser comprised four pits and achieved an SMSR of 40 dB and a linewidth of 280 kHz. The laser tuning range extends over 40 nm with an SMSR up to 40 dB.
